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Abstract 



We consider the effect of including quark delocalization and color screening, in the 
nonrelativistic quark cluster model, on baryon-baryon potentials and phase shifts. 
'k>( I We find that the inclusion of these additional effects allows a good qualitative 

Cd ' description of both. 



I. Introduction 

Up to now, all quark model calculations (including potential, bag, and soliton 
models) of the nuclear force have found difficulty in obtaining the observed interme- 
diate range attraction.'^] It is not even technically easy for meson exchange models'^' 
to do so. Therefore, one should consider the possibility that all of these models have 
omitted important physical effects. 

In molecular physics, experience shows that electron delocalization is an important 
effect contributing to the formation of chemical bonds. Is there a similar effect for 
the nuclear bond due to quark delocalization? (This effect has also been called quark 
percolation in view of the fact that quarks are confined in color singlet hadrons.) 

As in molecular physics, there are also other forces at work. There, multiphoton 
exchange produces (van der Waals') interactions between neutral atoms. But there 
is no evidence for (color van der Waals') multigluon exchange forces between color 
singlet hadrons. So, although inside a hadron, quarks experience a confining inter- 
action, between two colorless hadrons, the confinement interaction must certainly be 
modified. Lattice gauge calculations have indeed shown qualitatively that there is a 
color screening effect due to qq excitation'^' . How important color screening is to the 
nuclear interaction remains an open question. 

We have made a (nonrelativistic) QCD model calculation to study whether a 
nuclear intermediate range attraction arises when we take into account the possibility 
of both quark delocalization and color screening. The result we find is that quark 
delocalization and color screening actually do seem to give rise to an effect very similar 
to the nuclear intermediate range attraction. It seems that quark delocalization and 
color screening may play an effective role similar to meson exchange. 

II. The Quark Delocalization and Color Screening Model 

We take a nonrelativistic quark cluster model to generate our QCD model for the 
baryon-baryon interaction. The new ingredients are quark delocalization and color 
screening. For individual baryons, our model is the same as the usual one'^'. That is 



we have the Hamiltonian 



H = Y.im^ + ^)-n + T.y^J (1) 
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where f = fi — fj and T^ = center of mass kinetic energy. Here we keep only the 
effective one gluon exchange form of the color Coulomb and hyperfine terms and also 
neglect a possible constant part of the confining interaction. We do so because we 
are interested in the qualitative features of this model and wish to keep the number 
of parameters to a minimum. It should be noted, however, that our form for Vij is 
consistent with all charmonium and Upsilon bound state spectra, f^' 

The single quark orbital wave function is chosen to be a Gaussian function 

where R is the reference center (mean location of the baryon). The parameters are 
determined as follows. We choose the constituent quark mass to be exactly 1/3 of the 
nucleon mass, i.e. m = 313MeV, so that the binding energy of the nucleon is exactly 
zero. We also require the model to produce the correct N — A mass difference and 
that the nucleon size satisfies the stability condition, i.e. 5Mn /5h = 0. The fitted 
model parameters are: 

m = 313MeV, 6 = 0.603/m, a^ = 1.54, a = 25.13MeV/ fm^ (4) 

These are similar to the parameters chosen in Ref. [4]. 

For the two baryon system, we take a two "center" cluster model approximation, 
i.e., we have the left (right) single quark orbital wavefunction (w. f. ) 

0L(r1) = i:^2f"^M-^,{n + R/2r} (5a) 



Now R is the distance between the two clusters. 

The variational trial w.f. of the two baryon system is an antisymmetric six quark 
product state 

^{B,B^) = A{[M^)M^)M^)]BAM^)M5)i'mB,]}sT (6) 

A is the antisymmetrization operator, [ ]b means the spin, isospin, and color of the 
three quarks are coupled to the quantum numbers of a baryon, { }st means the 
spin, isospin and color of the two baryons are coupled to the particular color singlet 
channel of spin S and isospin T. 

One of our new ingredients, quark delocalization, is put in through the trial single 
quark w. i. ip 

iJL = (pL + e0/?, ^R = <pR + e0L (7) 

where e = e{R) (see below) is a variational parameter determined by a variational 
calculation, after the manner suggested in Ref. [6] in a relativistic quark picture of 
nuclear structure. We explicitly examine here only the e > region. Numerical 
results for negative e show increased energy for the state. This confirms expectations 
based on viewing this case as including p— wave contributions of necessarily higher 
energy, or from the point of view of two-state mixing (producing symmetric and 
antisymmetric states in the e = ±1 limit). 

The other new ingredient, color screening, is put in through the modification of 
the confinement interaction between two color singlet baryons 

V^^ = -A, ■ X.ar^e-^^' (8) 

When we calculate the six quark confinement interaction matrix elements, we sep- 
arate them into internal and inter-cluster parts: for the latter we use the screening 
confinement interaction Vj^'" . Note that /i is a parameter which will be fixed by data. 
However, since we have alluded to screening (found in lattice calculations) due to qq 
production, and the scale for that is set by the pion mass, we expect /i ~ m^ to result. 



We do two kinds of calculations. First we calculate the diagonal matrix element 



< '^B^B2{R)\H\'^B^B2{R) > < ^BifiJ^I^BiBa > 



< ^b.bMI'^bMR) > < '^B.B.l'^B.B, > 



(9) 

iJ=oo 



to get the adiabatic approximation to the baryon-baryon interaction. For fixed /i at 
each separation R, we vary the parameter e{R) to get the minimum. (We then vary 
fj,, repeating the calculation until we get a best fit for the A^A^ ^5*0 phase shift, i. e. 
minimum x^ per degree of freedom; see below). We take this as the approximation 
of our model baryon-baryon interaction. 

Second, we do a dynamical calculation to get the phase shift of baryon-baryon 
scattering. When we do this calculation, we have to calculate the off-diagonal kernal 
in addition to the diagonal one: 

<-^B,B,iR)\H\-^BMR')> (10) 

For ^{R) we use the parameter e = e(i?) and for ^(R') we use e = e(i?'). Finally we 
use the Canto-Brink^^] (CB) variational method to calculate the phase shift and vary 
fi to get a best fit to NN ^Sq phase shift. The CB method is equivalent to the more 
popular resonating group method (RGM).'®' 
III. Results and Discussion 

We have calculated the effective baryon-baryon interaction and the phase shifts 
for NN {S,T) = (1,0), (0,1) and AA {S,T) = (3,0) channels. The resuhs are 
shown in Figs. 1-2. The experimental phase shifts are taken from Table IV of Ref. 
[9]. The optimum color screening constant is /i = 0.46/m^^, consistent with our 
expectations. The results are not very sensitive to fi within the range 0.4 to 0.5 fm~^, 
and an intermediate attraction persists over an even wider range of values. (It would 
be interesting to compare this with meson exchange results over a range of pion mass 
values.) The fitted quark delocalization parameters e are given in Table 1. 

It is well known that the pure quark cluster with gluon exchange model can 
only give rise to a A^ — A^ repulsive core. Figs. 1 and 2 however, show that quark 



delocalization and color screening working together can produce a good description 
of the N — N interaction: it has both the repulsive core and an intermediate range 
attraction. Further, the A^A^ ^Si channel attraction is stronger than ^5*0 channel. 
Qualitatively the result fits the ^5*0 channel phase shifts; it also gives a qualitative fit 
for the ^D2 phase shifts. The fit to the ^5*1 phase shifts is not as good as "'^S'o, and 
^1^2 • This is not unreasonable, because we have not yet included the tensor coupling. 

This model also automatically gives a reasonable amount of delocalization. When 
the two nucleons are close together, the delocalization is large; e{R = 0.375/m) ~ 
1, which means that at short distances, the six quarks prefer to merge into a six 
quark state instead of two nucleons. 1"'^°'"'^^] However, when the two nucleons separate 
to a distance comparable to the average distance between nucleons in a nucleus, the 
delocalization is small: e{R = 1.5fm) ~ 0.1, which means the six quarks prefer to be 
confined in two individual nucleons. ^^^ 

It is worth mentioning here that the quark delocalization and color screening 
effects must both be included; dropping either one causes the A^A^ intermediate at- 
traction to disappear. However the A^A^ intermediate range attraction mainly comes 
from the kinetic energy reduction due to quark delocalization. It is only somewhat 
concealed by the screened confining interaction. If we drop the color screening, how- 
ever, the confinement interaction contribution related to the quark delocalization will 
cancel the attraction coming from the kinetic energy reduction related to the same 
quark delocalization. 

It seems likely that the effective attraction due to quark kinetic energy reduction, 
which in turn comes from quark delocalization, is quite general for all quark systems. 
To show this, we have also calculated the adiabatic interaction potential and phase 
shifts of the AA {S,T,i = 3,0,0) channel. We find that it is indeed an "inevitable" 
dibaryon state; our new nonrelativistic quark cluster model also gives a strong inter- 
mediate attraction, which supports the original LAMP calculation. '^^^ The reason for 
a stronger AA attraction than that of A^A^ channels is due to a reduction in the can- 
cellation of the attraction due to quark delocalization by the screening confinement 
interaction in the AA {S, T,i = 3, 0, 0) channel. 
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Note that there is no color van der Waals' force problem for this model because 
we have taken color screening into account; any such forces become gaussianly sup- 
pressed. Whether this model also gives a bound "H" -state particle is an interesting 
question; a three channel coupling calculation is in progress. At the same time, we 
will check if this model can give a reasonable deuteron bound state, which would 
imply that the agreement with the phase shifts extends to very low energy. 

Several points remain to be studied: 

1. Due to the quark delocalization, the center of mass wave function of this six 
quark system can not be separated in as clear cut a way as in the usual cluster 
model. To develop a method to separate the center of mass wave function 
exphcitly would be highly desirable. 

2. We have given an intuitive argument for quark delocalization and color screen- 
ing. A better basis in QCD is needed. 

3. This model seems to imitate meson exchange to some extent, but the detailed 
relation between quark delocalization and meson exchange is not yet clear. 

4. The model qualitatively fits both hadron spectroscopy and the NN interaction, 
and quark delocalization seems to be a general feature for all quark systems. 
Therefore it would be interesting to confront this model with possible dibaryon 
resonances. 
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Table 1. Quark Delocalization Parameters e{R) 



:m) 


0.375 


0.750 


1.125 


1.500 


1.875 


2.250 


2.625 


3.000 


^ 'So 


0.999 


0.510 


0.166 


0.123 


0.077 


0.038 


0.015 


0.005 


V 3^1 


0.999 


0.994 


0.229 


0.155 


0.093 


0.045 


0.017 


0.005 


^ 's. 


0.999 


0.999 


0.999 


0.999 


0.999 


0.999 


0.208 


0.055 



Figure Captions 

Figure 1. Baryon-baryon potentials as a function of separation in tlie quark cluster 
model with quark delocalization and color screening; a) two A^A^ channels, b) a AA 
channel, c) detail of a) in region of minimum. 

Figure 2. Nucleon-nucleon phase shifts as a function of beam kinetic energy in 
the quark cluster model with quark delocalization and color screening, and the cor- 
responding data from Table IV of Ref. [9]. The parameters have been chosen to best 
fit the ^5*0 channel. Note that tensor forces, which affect only the ^5*1 channel here, 
have not been included. 
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